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Introduction	
Pseudomonas aeruginosa is an opportunistic gram-negative bacterium that causes 

infections that are particularly dangerous for immunocompromised patients (Whimbey, et al., 
1986; Bonomo, Szabo, 2006). P. aeruginosa has many identifiable proteins bound to its 
polysaccharide coat that have negative effects on human cells, but this experiment will focus on 
lipopolysaccharide (LPS). LPS is continually shed from the surface of the bacterial cell wall and 
into the extracellular space. LPS is degraded into O-antigen, core protein, and Lipid-A. The pro-
inflammatory Lipid-A binds to the receptors on surrounding cells, thus triggering an intracellular 
response that leads to the production of pro-inflammatory cytokines, including TNFα (Jaffer, 
Wade, & Gourlay, 2010; Parham, 2009). Multiple cells undergo this pathway, including 
activated microglia (Drew & Chavis, 2000). The release of TNFα has negative effects on 
surrounding tissue (Parham, 2009). A study performed by Barth et al. (2009) showed that pro-
inflammatory cytokines like TNFα caused oxidative damage to neuronal cells. Many studies use 
the LPS signaling pathway in their experimental design to damage white matter (Fan, Pang, Lin, 
& Rhodes 2005; Girard et al., 2008; Yuan et al., 2012; Wang, et al., 2013). In vivo studies of rats 
showed that LPS exposure to mature rats resulted in damage to mature white matter (Zhang, 
Aiyuan, and Song, 2017; Pang, Cai, & Rhodes, 2003; Cai, Pang, Lin, & Rhodes, 2003).  

White matter damage caused by TNFα could be a result of the restructuring of the 
cytoskeleton. A study performed by Puls, et al. (1999) found that exposure to TNFα resulted in 
increased formation of filopodia. The results from an experiment by Wójciak-Stothard, et al. 
(1998) suggest that the increased amount of filopodial projections could be a result of the 
reorganization of the cytoskeleton. This suggestion is supported by the results of an experiment 
performed by Rudimov, et al. (2015). Filopodia are long, thin, actin-rich cellular projections that 
are found in many different cell types. Actin is a protein that forms the microfilaments in the 
cytoskeleton of the cell, which provides structure and support for the cell. In neurons, filopodia 
assist in the formation of lamellipodia (which are important in cell motility) and are essential for 
the growth of axonal growth cones because they direct the axon to a destination, such as another 
axon, synapses, or glial cells (Small, et al. 2002; Yang & Svitkina, 2011).  
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While there is extensive literature about filopodia and LPS independently, a direct link 
between LPS and filopodial formation has not yet been developed. It is still unclear if LPS, not 
only TNFα, could induce a similar effect in sympathetic neurons. Additionally, there are no 
studies that examine the effect of chronic exposure to LPS on filopodial growth (Shi, et al. 
2008). In this experiment, Gallus gallus sympathetic neuron cultures were exposed to LPS at 
different doses. Gallus gallus sympathetic neurons were used in this study due to the large 
amount of neurons that can be cultured in a relatively short amount of time. Filopodial growth 
and retraction rates are measured in order to accurately quantify the dynamic behaviors of 
filopodia that result from exposure to LPS. In this experiment, it is hypothesized that Gallus 
gallus sympathetic neuron cultures treated at the highest dose of LPS for the longest amount of 
time would show largest increase in filopodial growth and retraction rates. This experiment was 
conducted over the course of 6 weeks. 

 

Materials and Methods 
Materials: 
 Lipopolysaccharides (LPS) from Pseudomonas aeruginosa (Sigma Aldrich catalog 
number L9143-10MG) was reconstituted as directed into a 1mg/mL stock solution using Hank’s 
Balanced Salt Solution as a buffer. LPS stock solution was stored at 2-8ºC (35.6-46.4ºF). 
Subsequent dilutions into the culture medium were made using the culture medium F+ medium. 
F+ medium was mixed according to the recipe for F+ medium used in Morris (2018). Reagents 
were shared with collaborators Joey Batson, Amanda Swanson, and Kennelly Allerton. 

Dissection, mincing, and plating of 10-day-old Gallus gallus dorsal root ganglia and 
sympathetic nerve chains were carried out as described in Morris (2017). Low density 
dissociated cell cultures were created in order to reduce interference from intensive glial cell 
division. Cell cultures were plated on 22x22mm coverslips cleaned with 100% ethanol and 
treated with poly-lysine and laminin. After plating of sympathetic neurons, the cell cultures were 
incubated for 24 hours at 37ºC. Experimental doses were administered after incubation.  
 Imaging was performed through the Wheaton College Imaging Center for Undergraduate 
Collaboration (ICUC) using a Nikon Eclipse E200 microscope equipped with a SPOT idea 
camera (Model #: 27.2). Field of view of the microscope was performed using a stage 
micrometer and the computer program ImageJ (Version: 1.51). Images of cell cultures and the 
stage micrometer were taken using SPOT basic software (Version 5.3.5). ImageJ was used for 
determining the field of view for the microscope and all image analysis. All images were taken 
using the 40x magnification with Köehler illumination centered on the center of the field of view 
and the optics set to phase ring 2. LASKO Ceramic Air Heating fan was used to maintain 
temperature of coverslip mount at 37ºC. 
 
Culture Preparation: 
 The ideal dose of LPS to sensory neurons was determined by Acosta & Davies (2008) to 
be 1µg/mL. In this experiment, three different experimental conditions were used in order to 
create a 1000X dose-response effect. The three different doses were administered to cell culture 
groups are 200ng/mL, 1µg/mL, and 5µg/mL.  

To apply experimental doses to cell cultures, all of the culture medium was pipetted out 
of the cell cultures and 2mL of 1x concentration of the appropriate doses of LPS was quickly 
pipetted into the experimental culture medium dishes. For the control conditions, all of the 
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culture medium was pipetted out of the culture medium and quickly pipetted back in to control 
for damage that may have resulted from pipetting out culture medium. Two cell cultures of 
control and each experimental condition were made in order to create a both acute and chronic 
exposure to LPS conditions. 

After the experimental dose was administered, one of the culture dishes of each condition 
were put in the incubator for 6 hours to incubate, these cell cultures are the defined as being 
chronically exposed to LPS. The second culture dish of each condition was placed in the 
incubator for 30 minutes, these cell cultures are defined as being acutely exposed to LPS. These 
incubations times are based on the experiments performed by Acosta & Davies (2008) and Shi, 
et al. (2016). 
 
Chip Chamber Preparation: 
 After the incubation time had passed, chip chambers were made using a 25x75mm glass 
microscope slide and chips of a coverslip. 4 to 6 coverslip chips were placed on the glass 
coverslip in a square shape 3mm smaller than the 22x22 coverslip. 1-3 droplets of culture 
medium were pipetted onto the microscope slide in the center of the square made by the 
coverslip chips. Culture medium was pipetted out of the culture dish until the level of culture 
medium was low enough that the edges of the coverslip were above the culture medium, but the 
top of the culture medium did not fall below the coverslip. The coverslip was carefully and 
quickly extracted from the culture dish using sharp forceps, inverted, and the side without cells 
was dried on a coverslip. The coverslip was then placed cell-side down on the coverslip chips. 
The coverslip was arranged so there was 1mm between the edge of the coverslip and the edge of 
the slide. The amount of culture medium was enough where there were no air bubbles on the 
edges of the coverslip, but there not too much culture medium that the coverslip did not seal to 
the slide. If there was too little culture medium, culture medium was pipetted into the opposite 
edge that there was a deficiency in culture medium. If there was too much culture medium, a 
folded Kimwipe was placed to the edge of the coverslip until the correct amount of culture 
medium was achieved. Once the edges of the slide were dried using a kimwipe, heated up valap 
(mixture of Vaseline and paraffin) was used to seal the edges. The sealant was applied so that 
about 1mm of the sealant was on the coverslip and on the slide, sealing the coverslip completely 
to the slide. Once the valap cooled, salts from the growth medium were washed off by applying 
reverse osmosis water to the exposed side of the coverslip, and tipping this water off of the 
coverslip; this process was repeated three times to ensure the salts were removed. A kimwipe 
was folded and dragged down without touching the valap to dry off the water on the coverslip. 
Chip Chambers were made in collaboration with Kennelly Allertion. 
 
Imaging: 

The chip chambers were placed on the coverslip mount with an attached thermometer 
immediately after being created. Data was collected via time lapse phase microscopy. Image 
sequences were taken after 2 minutes of warming the coverslip mount at 37ºC. An initial picture 
was taken at 0 seconds, after which pictures were taken every 10 seconds for 120 seconds (13 
pictures per condition). Images were taken of filopodia found on growth cones only, and 
filopodia found on the axon or on glial cells were excluded from this experiment.  

The field of view for the microscope was determined taking an image of a stage 
micrometer slide with a measurement of 100µm using the at 400x magnification (10x ocular, 40x 
objective lens) using the SPOT software. This image was opened in ImageJ and, using the 
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straight line tool, a line was drawn from the left edge of one line indicating 0.1mm to the same 
edge of another line indicating 100µm across the screen. The exact number of pixels in this line 
was measured using the “measure” feature. This process was repeated several times and the 
number of pixels was recorded and averaged in order to find the amount of pixels per 
micrometer. Imaging of cell cultures was done in collaboration with Kennelly Allerton. 
 
Data Analysis: 

Filopodia are defined by thin, mobile, finger-like projections that are tapered at the base 
that emerge from an axonal growth cone. Filopodia must be darker compared to the background 
by a grey value of at least 8; if a structure had a difference in grey value that was smaller than 8, 
then this structure was not included in this experiment. To be considered a filopodium, a 
structure must grow or retract at least at a rate of 20nm/second during a 2-minute sequence. If a 
filopodium emerged form a lamellipodium, then the base of the filopodium was defined by the 
point at which the filopodia reached the lamellipodium and has a diameter that exceeds 3µm. A 
lamellipodium was defined as a thin, membranous structure that is devoid of organelles located 
at the terminal boundary of a growth cone. If there were branches off of a filopodium, the longest 
branch was measured and the other branches were excluded from analysis. If a filopodium 
completely retracts and is indecipherable from the edge of the growth cone or lamellipodium, 
then the length of this filopodium is counted as 0µm. 
 After the image sequences were collected, they were analyzed one picture at a time using 
ImageJ. In order to standardize color differences, all image sequences were set to an “8-bit” type 
on ImageJ. In order to see the filopodia clearly, the selected dynamic range of the contrast was 
set so the width of the bell curve of the intensity histogram was half of the width of the displayed 
dynamic range. The previously-calculated measurement of pixels per micrometer was entered 
into the “set scale” feature on ImageJ in order to measure the length of filopodia in micrometers. 
The “freehand line” tool was used to draw on the filopodia from base to tip, and this length was 
measured. After the measurement was recorded for this filopodium in a specific sequence, this 
same filopodium was found in the next picture in the sequence. Data collection for this image for 
the same filopodium was done in an identical matter. This method was used for all images in 
every sequence. 
 The rate of growth or retraction of the filopodia were calculated by finding the difference 
in measured length of a filopodium between one image and the next image. If the length of the 
filopodium increased from one image to another in its sequence, this difference was considered 
filopodial growth. If the length of the filopodium decreased from one image to the next image, 
this difference was considered a filopodial retraction. The average growth rate and the average 
retraction rates were calculated for each filopodium. In each condition, growth rates were 
averaged among all filopodium in their condition. In each condition, retraction rates were 
averaged among all filopodium in their condition.  
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Results   
Figure 1 provides an example of the a filopodium of the control condition that was 

quantified in this study. As seen in Figure 1, the filopodia exhibited a wide array of dynamic 
behaviors; the filopodia grew and retracted at different rates and often changed direction. This 
direction change was not recorded quantitiatively in this study. Figure 2 provides an example of 
a filopodium of the experimental condition 1µg/mL that was quantified in this study. As seen in 
Figure 2, dynamic behaviors of filopodia were also observed in the experimental conditions. 

As shown in Figure 3, all the experimental conditions with an incubation time of 30 
minutes showed a decrease in filopodial growth rate when compared to the control. Additionally, 
the growth rates decreased more as the dosage of LPS increased to 1µg/mL; the average 
filopodial growth rate of the 200ng/mL experimental condition decreased by 8.28% when 
compared to the control, and the average filopodial growth rate of the 1µg/mL experimental 
condition decreased by 5.78% compared to the 200ng/mL experimental condition. The 5µg/mL 
experimental condition did not conform to this trend. While the average filopodial growth rate of 
the 5µg/mL experimental condition decreased by 6.29% when compared to the control, it 
increased by 8.43% when compared to the 1µg/mL experimental condition. The retraction rates 
showed a similar relationship as the growth rates. The average retraction rates decreased as the 
dose of LPS increased to 1µg/mL. The average retraction rate of the 200ng/mL condition 
decreased by 29.1% when compared to the control condition. The average retraction rate of the 
1µg/mL condition decreased by 22.6% when compared to the 200ng/mL condition. However, the 
filopodial retraction rates of the experimental condition 5µg/mL showed an opposite effect: the 
average retraction rate of the 5µg/mL condition increased by 15.5% when compared to the 
control, and it increased by 101.0% when compared to the experimental dose of 1µg/mL. It 
should be noted that the standard deviations of these data show that the data, while valid, are not 
significant.  

As shown in Figure 4, the average filopodial growth and retraction rates increased as the 
dosage of LPS increased to 1µg/mL for the 6-hour incubation time. The average growth and 
retraction rates for the 200ng/mL experimental condition increased by 4.6% and 9.7% 
respectively when compared to the control condition. The average growth and retraction rates for 
the 1µg/mL experimental condition increased by 11.6% and 36.6% respectively when compared 
to the 200ng/mL experimental condition. The average growth and retraction rates for the 5µg/mL 
condition did not conform to this relationship. The growth and retraction rates for the 5µg/mL 
condition decreased by 28.5% and 50.8% respectively when compared to the 1µg/mL 
experimental condition. Even when compared to the control, the average growth and retraction 
rates of the 5µg/mL condition decreased by 16.5% and 26.3% respectively. However, similar to 
the data displayed in Figure 3, the standard deviations for the data displayed in Figure 4 show 
that the data are not significant. 
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Figure 1: Transmitted light microscopy images of filopodial growth in control condition 
incubated in culture medium at a temperature of 37ºC for 6 hours. The scale bar measures a 
distance of 10µm. The image on the left is taken 10 seconds before the image on the right. The 
filopodium in its original position (indicated by the white arrow in the image on the left) shows a 
slight increase in length (indicated by the white arrow in the image on the right). In addition to 
the increase in length, the filopodium changes direction, moving slightly to the left (as seen in 
the picture on the right).  
 

 

 
Figure 2: Transmitted light microscopy images of filopodial retraction in experimental 
condition incubated in 1µg/mL of LPS and culture medium at 37ºC for 6 hours. The image 
on the left was taken 10 seconds before the image on the right. This cell culture condition 
showed the greatest degree of filopodial retraction compared to the other conditions. The 
filopodium (indicated by the white arrows) is shown to be extended further outward in the 
picture taken earlier (left), but the filopodium retracts considerably 10 seconds later (right). The 
scale bar measures a distance of 10µm. Additionally, the tip of the filopodium bent toward the 
growth cone in a bending motion (evidence of this behavior is indicated by the black arrow). 
This behavior was commonly seen in rapidly-retracting filopodia.  
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Figure 3: Average filopodial growth and retraction rates for cell cultures exposed to LPS at 
37ºC for 30 minutes. The error bars signify the standard deviation for each condition. Data for 
untreated control were derived from 5 filopodia on one growth cone from one neuron in one trial. 
Data for the experimental condition at a concentration of 200ng/mL were derived from 5 
filopodia on one growth cone from one neuron in one trial. Data for the experimental condition 
at a concentration of 1µg/mL were derived from 5 filopodia on one growth cone from one 
neuron in one trial. Data for the experimental condition at a concentration of 5µg/mL of LPS 
were derived from 5 filopodia on one growth cone from one neuron in one trial.  
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Figure 4: Average filopodial growth and retraction rates for cell cultures exposed to LPS at 
37ºC for 6 hours. The error bars signify standard deviation. Data for untreated control were 
derived from 5 filopodia on one growth cone from one neuron in one trial. Data for the 
experimental condition at a concentration of 200ng/mL were derived from 5 filopodia on one 
growth cone from one neuron in one trial. Data for the experimental condition at a concentration 
of 1µg/mL were derived from 6 filopodia on one growth cone from one neuron in one trial. Data 
for the experimental condition at a concentration of 5µg/mL of LPS were derived from 5 
filopodia on one growth cone from one neuron in one trial. 
 

Discussion 
The results of this experiment do not support the hypothesis. As shown in Figure 4, the 

cells incubated for 6 hours in 5µg/mL of LPS did not exhibit the highest rate of filopodial growth 
and retraction. However, there were novel findings in the data that were observed. There was a 
similar trend that occurred in both the 30-minute and the 6-hour incubation times. The cell 
cultures that were incubated in LPS seemed to follow a trend until the 1µg/mL concentration, but 
the 5µg/mL concentration did not conform to these trends in either incubation time. The 
similarities in the trends of the two different incubation times suggest that there may be a 
measurable trend in how LPS affects filopodial growth and retraction. The data also suggest that 
increased exposure to LPS up to the 1µg/mL concentration seems to have opposite effects 
depending on the length of exposure time. The cells exposed to LPS for 30 minutes showed 
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decreased filopodial activity, whereas the cells exposed to LPS for 6 hours showed increased 
filopodial activity.  
 At the moment, there is no clear explanation for these results. However, a possible 
explanation could be the combined effect of Rho GTPases and LPS cytotoxicity. Activation of 
Rho GTPases has been shown to induce the development of stress fibers, suggesting that they 
may play a role in the reorganization of the cytoskeleton or actin fibers. Additionally, activation 
of Rho GTPases has been shown to induce neurite retraction (Hall, 1998; Kozma, et al., 1997). If 
chronic exposure to LPS caused activation of Rho GTPases, then the neurite retraction, and 
possibly filopodial retraction, would increase. This may explain the increased activity noted in 
the 6-hour incubation time when compared to the 30-minute incubation time. However, perhaps 
at higher levels of LPS, the signaling pathway of Rho GTPases is affected by the cytotoxic 
effects of LPS that was observed in previous studies (Parham, 2009; Fan, Pang, Lin, & Rhodes 
2005; Girard et al., 2008; Yuan et al., 2012; Wang, et al., 2013).. While there is lack of literature 
in this area, the interference from LPS cytotoxicity may account for the irregularities that were 
observed in this study. It would be beneficial for further experimentation in this area, as this may 
help better understand the complex interactions that were measured in this study. If further 
research supported these claims, then there would be a novel perspective of the effect of LPS on 
sympathetic neurons. 

While there are possibly interesting explanations for the results, the limitations of this 
study require acknowledgement. While the data are valid, the variability of the data suggests that 
experimental replication is required. A larger sample of growth cones and more detailed analysis 
of filopodia may provide more reliable results. Not only does this study demand replication, but 
it would also benefit from additional measures to prevent confounds. Because there were no 
experimental procedures to eliminate the involvement of microglia, there may have been 
production of TNFα, as described by Drew & Chavis (2000), that was not accounted for. This 
additional release of TNFα may cause an unmeasured enhancement of the response to LPS. This 
could possibly confound the data that were collected in this study. Despite the limitations of this 
study, the data provide evidence that there are complex interactions between filopodia when 
exposed to LPS. 
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